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Biomass is an abundance material that being used as alternative resource to produce biogas 
nowadays. Biogas contained major composition of methane, CH4 and carbon dioxide, CO2. 
However, this gas needs a treatment to obtain high concentrated methane, CH4 and recovery 
CO2. In this study, pressure swing adsorption (PSA) and temperature swing adsorption (PSA) 
are being use as the method to get high recovery ratio with high concentrated gases. Zeolite 
13X, high silica zeolite (HSZ) and carbon molecular sieve (CMS) are being selected to be 
packed in the adsorption column as the adsorbent. Due to biogas contain water vapor, the 
research is focusing on influence of water vapor for both methods, PSA and TSA. 
Experiments are carried out with variables cycle times, desorption pressure, water vapor 
content in the feed gas and regeneration flow rate. By comparing the results obtained at dry 
and humid condition, it was obviously proven that the composition of product and desorption 
outlet gas were affected by humidity feed gas. In this experiment, CMS adsorbent is not 
critically affected by the influence of water vapor. However, pre-dehumidification must be 

































The biomass fuel is said to be carbon neutral. However, carbon dioxide of the biomass fuel 
origin must be controlled now. Post-combustion carbon and biogas separation technologies 
have been developed around the world. The most common technologies are pressure swing 
adsorption (PSA) and temperature swing adsorption (TSA). PSA is considered to be more 
expensive due to the high energy consumption and big vacuum pump for making the vacuum 
condition. On the other hands, size of the conventional TSA process tends to become large 
because long time is necessary for heating and the cooling of the adsorption column. Both 
processes are experimentally investigated to get high separation performance for biogas. 
Zeolite 13X, high silica zeolite (HSZ) and carbon molecular sieve (CMS) are selected as 
CO2-adsorbents and packed in the adsorption column. In special, influence of water vapor 
contained in the feed gas was focused. Among the employed adsorbent, CMS is the most 
hydrophobic. 
 
Figure 1 World CO2 emmissions[7] 
 
In chapter 1, background of this study is described with reviewing the related literatures. 
As presented in Figure 1, the world CO2 emission increasing from the 1960s and start to 
decrease for about 2 decades but keep incline until today. If the emission of CO2 continues to 


















































































































World CO2 emmissions  
World
situation because the trend is not expected to have any difference in short time. CO2 that 
emitted today takes time to accumulate in the atmosphere and then it remains in the 
atmosphere for thousands of years.  
 
In chapter 2, separation performance of simulated biogas by vacuum swing adsorption and 
the influence of the coexistence of water vapor in the feed gas were mainly discussed. In 
addition to the measurement of adsorption breakthrough curve, PSA cycle operation was 
carried out changing important variables which are cycle times, desorption pressure, water 
vapor content in the feed gas. Also, time profile of temperature distribution developed in the 
adsorption column was measured in order to observe a simultaneous heat and mass transfer in 
the column. As adsorbents, Zeolite 13X, which has satisfactory adsorption ability for CO2 and 
the carbon molecular sieve (CMS), which is a hydrophobic adsorbent, were employed. The 
experimental results show that biogas separation performance and water vapor influence are 
greatly affected by cycle time and desorption pressure. The recovery ratio is low if the cycle 
time is short, but even if the desorption pressure is increased, the CH4 concentration remain 
constant. In contrast, longer cycle time produced low CH4 concentration although the 
recovery ratio was high. This indicates that longer cycle time makes the adsorption capacity 
per unit time lower. Consequently, simultaneous achievement of higher concentration and 
recovery ratio of CH4 in the product gas is required.  
 
 
Figure 2 Influence of cycle time on CH4 and recovery ratio on dry and humidified 






















































(a) CH4 concentration [%] 
 
(b) CH4 recovery [%] 
 
  
It was found that the separation performance of zeolite 13X significantly decreased when 
water vapor was contained in the simulated biogas. CMS showed no separation performance 
decay even though the water vapor was contained in mixed gas since the amount of adsorbed 
water onto the CMS was low. In this experiment, CMS adsorbent is not critically affected by 
the influence of water vapor. However, temperature distribution along the column shows that 
gas with 70% of RH is adsorbed mainly at the bottom of the column. Therefore, pre-
dehumidification must be essential to improve concentration and recovery of CH4 in the 
product gas, even for a PSA process employing a hydrophobic adsorbent such as CMS. 
 
 
Figure 3 Temperature distributions in adsorption column for one cycle 




































In chapters 3 and 4, thermal swing adsorption (TSA) using a heat exchanger packed with an 
adsorbent material was examined as a means of removing CO2 from a simulated biogas. The 
apparatus used as shown in figure 4 where the differences between dry and humid condition 
is the addition of water tank is the red dash box. TSA driven by low-temperature waste heat 
or solar energy represents an environmentally-friendly gas separation process. In this process, 
the adsorbent material can be heated indirectly by circulating hot water through a heat 
exchanger and can operate with a smaller amount of regeneration air than in a conventional 
TSA system to significantly increase the CO2 concentration at the regeneration outlet. In the 
present work, carbon molecular sieves (CMS) and a high-silica zeolite (HSZ) were examined 




Figure 4 The TSA apparatus, incorporating two heat exchangers with water tank 
 
The results shown in figures 5-9 are comparison between dry and humid condition with 
variable experiment condition. Experimental condition applied for this experiment is 
explained in table 1. The effects of the hot water temperature supplied to the adsorber and the 
regeneration air flow rate on the separation performance were investigated. Increasing the 
regeneration temperature was found to improve the separation performance, and the HSZ was 
observed to be more selective for CO2 during the adsorption process. However, the CO2 
concentration in the desorption outlet gas was not increased when the regeneration air flow 
was equal to that of the feed gas. Reducing the regeneration air flow rate to one tenth the 
original value significantly increased the CO2 concentration at the desorption outlet while 
only slightly lowering the CH4 concentration in the product gas. A TSA process incorporating 
an adsorbent-packed heat exchanger is evidently an effective means of processing biogas, 
based on poor adsorption of CH4 and strong adsorption of CO2. The same experiments were 
repeated under the humid feed condition in order to investigate the influence of water vapor 
on the separation performance.  
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Figure 5 CH4 and CO2 Concentrations and CH4 Recovery Ratio at the adsorption outlet 
of HSZ column 
 
 
Figure 6 CH4 and CO2 Concentrations and CH4 Recovery Ratio at the adsorption outlet 
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Regeneration air flowrate, [L/min]  
 Figure 7 CH4 and CO2 Concentrations and CO2 Recovery Ratio at the desorption outlet 
of HSZ column 
 
 
Figure 8 CH4 and CO2 Concentrations and CO2 Recovery Ratio at the desorption outlet 
of CMS column 
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Figure 9 Influence of relative humidity at feed gas on the separation performance 
(0.7L/min, 6min, RH 0, 30, 50, 70%) 
 
As for the conclusion, by comparing the results to dry feed condition, it was obviously 
proven that the composition of product and desorption outlet gas were affected by humidity 
feed gas as well as PSA described in Chapter 2. It was also confirmed that a hydrophobic 
adsorbent, CMS, indicated a better separation performance for the feed with humidity. 
 
 

